Recent research discovered that charge transfer processes in chiral molecules can be spin selective and named the effect Chiral-Induced Spin Selectivity (CISS). Follow-up work studied hybrid spintronic devices with conventional electronic materials and chiral (bio)molecules. However, a theoretical foundation for the CISS effect is still in development and the spintronic signals were not evaluated quantitatively. We present a circuit-model approach that can provide this quantitative evaluation. Our analysis assumes the scheme of a recent experiment that used photosystem I as spin injectors. We find that the CISS effect can indeed give signals that are strong enough for detection, but also that the observed signals are two orders of magnitude higher than what the CISS effect can provide, indicating that in practice other phenomena can dominate the signals. Our approach provides a generic framework for analyzing this type of experiments and advancing the understanding of the CISS effect.
Electronic spin lies at the heart of spintronics due to its capability to convey digital information. In contrast, this quantum mechanical concept has found few applications in chemistry and biology as the energy states associated with opposite spin orientations are often degenerate. Molecular chirality, on the other hand, is thoroughly discussed in chemistry and biology but rarely concerned in spintronics. In the past decade, the two concepts have been increasingly linked together thanks to the discovery of the Chiral-Induced Spin Selectivity (CISS) effect, which describes that the electron transfer in chiral molecules is spin dependent. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] This discovery not only provides new approaches to controlling chiral molecules 12 and understanding their interactions, 13 but also opens up the possibility of small, flexible, and fully organic spintronic devices. Previously, organic materials were incorporated in spintronic devices but mostly only as spin transport channels.
14 Building on CISS, hybrid devices with chiral-molecular spin injectors and detectors were realized. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, a full understanding of the signals produced by these devices is still lacking, and thereby the understanding of CISS largely hindered. We present here a circuit-model approach to quantitatively evaluating the signals measured from solid-state hybrid devices. Similar approaches have been used for the analyses of spintronic devices with metallic and semiconducting materials. They provided accurate descriptions of experimental results and have been extended to a wide range of device geometries. We apply here such modeling to devices with adsorbed molecular active layers instead of metal contacts. While generally applicable, we take the device reported in Ref.
18 as a case study for demonstrating our approach. In comparison to our recent analysis using electron-transmission modeling, 25 the circuit-model approach is more suited for including a role for optically driven chiral molecules, and for electron transport outside the linear-response regime.
In the work of Ref.
18 cyanobacterial photosystem I (PSI) protein complexes were self-assembled on a silverAlO x -nickel junction and the orientation of PSI (up or down) was controlled by mutations and linker molecules. 18 , which indicated spin-polarized charge transport in PSI. The device was a stack of 150 nm of nickel, 0.5 nm of AlOx, and 50 nm of silver. PSI was immobilized on top of the silver layer, and the voltage difference between silver and nickel was measured. In this figure PSI is in the up orientation, with its P700 reaction center close to silver, and the Fe4S4 clusters FX, FA and FB far from silver. The lightinduced electron-transfer pathway is marked with solid arrows, while the unknown relaxation pathway is marked with a dashed arrow. Figure 1 shows a device with PSI in the up orientation. Here, P700, the reaction center of PSI, was located adjacent to the silver layer. In P700, charge separation took place upon the illumination of a 660-nm laser during the experiments. It was described that the excited electron got transferred to the Fe 4 S 4 clusters at the other end of PSI, and the hole left behind in P700 was refilled by an electron from silver. This process causes a net upward electron transfer from silver to PSI, which, before relaxation, results in a steady-state increase of the silver surface potential, as was observed using a Kelvin probe.
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In contrast, a device with PSI in the down orientation gave a decrease of silver surface potential upon light il- It creates spin accumulation in the silver layer upon light illumination. Spin-up electrons (red) are transferred from silver to PSI, while spin-down electrons (blue) are transferred back to silver. No charge current flows through PSI but a spin-down accumulation is created in silver. B) The model of panel A), reduced to its net spin-injection effect. The contribution from each component in the dashed box in A) cannot be clearly distinguished, therefore we treat them together as an ideal spin-current source Is with a parallel resistance R. Since the total impedance in PSI is much larger than that of silver, we consider R → ∞. The net effect of this reduced model is to inject a spin current Is into the silver layer. Here we show the drawing for one PSI unit, but the spin currents (IP SI , Is) concern the values for the entire PSI ensemble on the device.
lumination, indicating a net downward electron transfer from PSI into silver. Both devices were then placed under laser illumination in the presence of an out-of-plane magnetic field which was used to set the magnetization of nickel in either the up or down direction. The charge voltage between silver and the nickel layer was monitored. The absolute value of this voltage was found to be always lower when the electron transfer direction and the magnetic field direction were parallel (both up or both down), and higher when they were anti-parallel (one up and one down). This magnetic field dependence suggested that the electron transfer process in PSI was spin selective, and the preferred spin orientation was parallel to the electron momentum. As PSI is one of Nature's two major light-harvesting centers, this intriguing result indicated that electron spins may also play a role in photosynthesis.
However, an important question to address while considering this conclusion is: How much of the observed magnetic-field-dependent signal was from CISS? To answer this question we need to understand the origin of the measured steady-state magnetic-field-dependent voltage. Upon photo-excitation charge carriers were transferred from silver to PSI. These carriers must relax back to silver via pathways inside PSI because there was no top electrode providing alternative pathways. Both the excitation and relaxation pathways might exhibit spin selectivity. Qualitatively, as long as the CISS effects in the two pathways do not cancel each other, a net spin injection into silver can be generated. This spin injection then competes with the spin relaxation process in silver, and results in a steady-state spin accumulation which can indeed be detected as a charge voltage between silver and the nickel layer.
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To quantitatively evaluate this voltage signal, we adopt a two-current circuit model where spin transport is described by two parallel channels (spin-up and spin-down channels). 27, 28 The two channels are connected via a spinflip resistance R sf , which characterizes the spin relaxation process in a nonmagnetic material. A derivation of R sf and a more detailed introduction of the two-current model concept can be found in the Supporting Information. For a thin-film nonmagnetic material, we find
(assuming d < λ sf and A rel λ 2 sf ), where λ sf is the spin-relaxation length of the material, σ is the conductivity of the material, d is the thickness of the film, and A rel is the relevant area of the film where spin injection occurs. Notably, R sf is entirely determined by the properties of the material and the geometry of the device.
The role of PSI in the device can be characterized by two features. Firstly, due to the lack of a top electrode, there was (as a steady-state average) no net charge current flowing through PSI. Secondly, facilitated by CISS, PSI gave a net spin injection into silver. These two features resemble a pure spin-current source. Therefore, we model PSI as a pure spin-current source between the fully polarized spin-up (red) and spin-down (blue) channels, as shown in Figure 2A ). Upon photo-excitation PSI sources an internal spin current I P SI . The pathway with spin-flip resistance R sf −P SI accounts for the spin relaxation inside PSI. At the PSI-silver interface the two channels encounter possibly spin-dependent contact resistances R cP SI↑ and R cP SI↓ . The net spin current injected from PSI into silver is I s = η · I P SI , (−1 η 1), with η being the fraction of the photo-induced spin current that actually contributes to the spin accumulation in silver. Generically, we regard PSI as a black box: a two-terminal unit that drives a spin current I s , as shown in Figure 2B ). This will later be linked and compared to known timescales for charge transfer processes inside PSI.
3. Two-current circuit model for the spintronic device of Ref. 18 (symbols introduced in the main text). Different parts of the device are separated by dashed lines. Spin-up and spin-down current channels are distinguished by color. PSI is represented by a pure spin-current source as introduced in Figure 2B ). The spin relaxation in silver is modeled as a pathway with spin-flip resistance R sf −Ag connecting the two spin-current channels.
A circuit model for the entire device is shown in Figure 3 . R Ag is the spin-independent resistance (in the out-of-plane direction) of the silver layer. Inside the silver layer the spins can relax, as represented by a spin-flip pathway with resistance R sf −Ag . R cAg is the contact resistance between silver and the voltage meter. In principle these contacts could provide an extra pathway for electron spins to relax, but in reality these contacts are located millimeters away from where spins are injected. This distance is much larger than the spin-relaxation length in silver (about 150 nm at room temperature).
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Therefore, the spin relaxation through these contacts is negligible and we can assume R cAg → ∞.
Underneath the silver layer is the the AlO x tunnel barrier and the ferromagnetic nickel layer. In these layers electrons experience spin-dependent resistances: the tunnel resistance R tun↑(↓) and the contact resistance R cN i↑(↓) (which includes the out-of-plane resistance of the nickel layer). Note that here the subscript ↑(↓) refers to the corresponding spin-current channel, not to be confused with the magnetization direction of nickel which determines the values of R tun↑(↓) and R cN i↑(↓) . These resistances can be combined using shorter notations R ↑ = R tun↑ + R cN i↑ and R ↓ = R tun↓ + R cN i↓ . An interchange of the R ↑ and R ↓ values thus accounts for the reversal of the magnetization direction of nickel.
The magnetization direction of nickel can be described as being parallel (p) or anti-parallel (ap) to the spin-up channel. For each case the reading of the voltage meter V meas is
The change in the measured voltage upon the reversal of the nickel magnetization is therefore
where R ef f = V dif f /I s is an effective spinvalve resistance.
For the envisioned spintronic behavior in Ref. 18 , this model captures all relevant aspects for spintronic signals in the linear transport regime, without making assumptions that restrict its validity. It is thus suited for describing the observed spin signals in a quantitative manner when the values of the circuit parameters are available. For the device described in Ref. 18 we derive (see Supporting Information)
Note that R ef f is fully determined by the properties of the Ag-AlO x -Ni multilayer, and deriving its value does not use any estimates or assumptions concerning PSI. This result for R ef f directly yields values for the injected spin current that was flowing in the experiment of Ref. 18 . For the up orientation of PSI, the measured voltage difference V dif f was about 50 nV. Thus, the net spin current injected into silver must have been I s = V dif f /R ef f ≈ 3 µA. For the opposite PSI orientation, the measured V dif f was about 10 nV, and accordingly, I s ≈ 0.6 µA.
Next, we turn these spin-current values into values for the timescale τ that must then hold for the charge excitation-relaxation process for illuminated PSI. Here τ can be understood as the time interval between two consecutive photo-excitation processes from the same PSI unit. By assuming that the intensity of the illumination is strong enough to drive all the PSI units in continuous excitation-relaxation cycles (saturated), we can write i = −e/τ , where e is the elementary charge and i the photo-induced charge current in a PSI unit. The sum of all contributions i (sum over all PSI units) should then be high enough to provide the above I s values. In order to check this, we will assume the highest number for PSI units that can contribute, and that they all maximally contribute. Therefore, we first assume that over the relevant area of the device the PSI units form a densely packed, fully oriented monolayer, and that all PSI units function identically. Secondly, we assume that photoinduced spin current from each PSI unit is fully injected into the silver layer, i.e. η = 1. Further, we assume that the polarization of the CISS effect in PSI is 50%, on par with the reported CISS polarization in other chiral systems. 3, 6, 18 For these assumptions we find (details in Supporting Information) that for the up orientation of PSI, τ should at least be as short as 100 ps. For the down orientation this limit is τ 500 ps. We now compare these requirements for τ with the well-studied timescales of the electron transfer process in PSI. During photosynthesis, the photo-induced charge separation in PSI takes place at the primary donor P700. Electrons are then transferred through a series of accepters along the electron transfer chain: A 0 , A 1 , and the Fe 4 S 4 clusters F X , F A and F B (see Figure 4) .
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The initial electron transfer from P700 to A 1 is ultrafast (∼30 ps), and further transfer to F X happens in 20-200 ns. Then, the electron transfer from F X through F A to F B typically takes 500 ns to 1 µs.
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The requirements for τ values that we found areregardless the PSI orientation-only compatible with the initial ultrafast electron transfer from P700 to A 1 . The subsequent steps are at least two orders of magnitude too slow. Thus, concluding that the observed signals fully result from the CISS effect requires the existence of an ultrafast relaxation process where electrons immediately return to P700 after their initial transfer from P700 to A 1 . This process does not exist in Nature, because it would stop the trans-membrane electron transfer in photosynthesis. We should, nevertheless, consider whether it can occur in the device, since PSI is there located in a very different environment. For example, faster relaxation than in Nature could be due to the use of linker molecules or the mutations of PSI. However, considering that the size of the linker molecules is significantly smaller than the size of PSI, and that A 1 is positioned deeply in the center of PSI (Figure 4) , it is unlikely that the linker molecules can provide such an ultrafast electron-transfer pathway between A 1 and silver for both PSI orientations. Moreover, it was stated in Ref.
18 that the observed signals do not depend on the linker molecules. On the other hand, two different mutations were performed in order to covalently bind PSI to the substrate and to control the orientation of PSI. It is indeed possible that these mutations affected the electron-transfer process of PSI. However, the same mutations have been used in a previous study, 33 where the fastest excitation-relaxation cycle was observed to be around 15 ns, still two orders of magnitude slower than the slowest scenario that we have derived.
We thus conclude that the observed signals in Ref.
18 cannot be fully due to the light-induced spin injection from PSI. In fact, since the same PSI mutants were used in Ref. 18 and Ref. 33 , we can assume similar excitationrelaxation times for both experiments. With these times the PSI-induced spin-dependent signal in Ref.
18 should be at least two orders of magnitude lower than the reported value. Moreover, when considering a realistic situation where PSI units do not form a fully-oriented and densely-packed layer on silver and |η| < 1, the actual spin signal associated with the CISS effect is even smaller. This suggests that the magnetic-field dependence of the signals in Ref.
18 may predominantly originate from other effects (possible origins discussed in the Supporting Information).
Nevertheless, our analysis shows that an experimental approach as in Ref.
18 is in principle suited for confirming spin signals with CISS origin. It also provides insight in how one can optimize this type of experiments towards a system that would yield CISS spin signals with a higher magnitude. The most direct improvement can be obtained via a system that has higher values for R sf and R ef f in Eqs. (1)-(4) . A good example to consider is to use a layer of graphene as replacement for the silver layer. This should boost the spin signals by at least 4 orders of magnitude, since it would increase the value of R ef f from ∼15 mΩ to a value of ∼0.5 kΩ (see Supporting Information for details).
In summary, we introduced a two-current circuit-model approach to quantitatively assessing spintronic signals in hybrid devices which combine conventional electronic materials with (bio)organic molecules that are spin-active due to the CISS effect. As an example, we applied it to a case where the active layer has electrical contact only on one side, and we showed how the quantitative analysis can link the observed spin signals to charge excitation and relaxation times in the molecules. Our analysis showed that such devices can readily give spintronic signals that are strong enough for detection with current technologies. However, it also revealed that in the experiment of our case study (Ref. 18 ) the spintronic signals must have had strong contributions from other effects. Future experimental work should aim at separating other signals from signals given by CISS, and our circuit-model approach assists in designing these experiments. For such studies, we recommend using devices with nonlocal geometries in order to separate charge and spin signals.
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The spin signals here can also be quantitatively assessed using our circuit-model approach.
We thank A. Herrmann and P. Gordiichuk for stimulating discussions. 
Supporting Information

TWO-CURRENT MODEL AND DERIVATION OF R sf
In this section we use a simple example to introduce the concept of two-current circuit models S1,2 and to illustrate what can be experimentally detected. Along the way we derive R sf (Equation (1) in the main text).
For describing spintronic signals, we use modeling where spin transport in conductors is described as two parallel channels each allowing only one type of spin (spin-up and spin-down channels, colored in red and blue respectively in Figure S1 ). S1,2 This allows us to separate the total electrical current I into spin-up and spin-down components: I = I ↑ + I ↓ . The difference between the two components is referred to as a spin current I ↑↓ , with I ↑↓ = I ↑ − I ↓ . A spin current injected into a non-magnetic material will result in a spin accumulation (chemical potential difference between the spin-up and spin-down channels) µ ↑↓ = µ ↑ − µ ↓ . Within the material spin accumulation decays exponentially over time due to spin relaxation mechanisms. S3 As an introduction to this type of modeling, we first show a simple case with a pure spin current in a nonmagnetic material, as shown in Figure S1 . A pure spin current means that the net charge current I = I ↑ + I ↓ = 0. The spin relaxation is modeled as a pathway connecting the two channels, with a spin-flip resistance R sf . The voltage difference between the two channels, as measured with fully spin-selective contacts, is therefore V ↑↓ = I ↑↓ · R sf .
Within the nonmagnetic material the steady-state spin accumulation is a balance between the spin injection due to I ↑↓ and the spin relaxation in the material. This is described as
where τ sf is the spin-relaxation time in the material, ν 3D is the three-dimensional (3D) density of states (units of eV
, and V rel is the relevant volume for the spin injection-relaxation balance in the material. The factor 2 arises from the fact that when one electron is transferred from the spin-down channel to the spin-up channel, the difference between the spin-up and spin-down population increases by two. The steady state solution for the measured voltage is
For further analysis we also consider the role of the spin relaxation length of the material, λ sf = D τ sf , where D is the diffusion coefficient for electrons in the material. The Einstein relation gives σ = e 2 ν 3D D, where σ is the conductivity of the material. S4 Consequently, Equation (S6) becomes
and therefore:
A circuit model considering the spin injection in a nonmagnetic conducting material. Spin-up and spin-down components are separated into red and blue channels. A pure spin current I ↑↓ is sourced between the two channels. Spin relaxation is modeled as a spin-flip resistance R sf . The spin accumulation is measured as the signal V ↑↓ from a voltage meter that has fully spin-selective contacts.
We can see that the spin-flip resistance is completely determined by the properties of the material and the relevant volume concerned for each specific device. Now we determine the relevant volume V rel for a particular device geometry: a thin layer of a nonmagnetic conducting material. The spin accumulation spreads out in a volume that is limited by either the spin relaxation length λ sf , or the boundaries of the device, whichever is smaller. For the thin layer, we assume that the spin current is homogeneously injected from its top surface over a limited area, which is referred to as the relevant area A rel . Spin accumulation then occurs in the thin layer within the area A rel , as well as directly outside the boundaries of A rel , up to a distance of ∼λ sf . However, we consider here the situation where A rel λ 2 sf , and we can therefore neglect the spin accumulation outside A rel . In the perpendicular direction we consider the case that the thickness of the layer d < λ sf , which means that the spin-transport length is limited by the thickness of the layer rather than the spin relaxation length of the material. As a consequence, we have V rel = d A rel . Substituting this into Equation (S8) gives
When the thin layer (three-dimensional) is replaced by a truly two-dimensional material, such as graphene, the thickness of the material can no longer be defined. The material then has a two-dimensional density of states ν 2D (units of eV −1 m −2 ), and one should use the Einstein relation for the 2D conductivity σ 2D = e 2 ν 2D D. When assuming again A rel λ 2 sf , the spin-flip resistance for a 2D system is given as
ESTIMATE FOR THE VALUE OF R ef f
In this section we estimate a value for the effective spinvalve resistance R ef f . We first focus on a value for the experimental work of Ref. S5 , and then on a similar system that has the silver layer replaced by graphene. The resistance between the silver and nickel layers was measured to be about 1 kΩ when not applying an external magnetic field. S6 The tunneling magnetoresistance (TMR, defined as TMR =
) of metal-insulator-Ni junctions ranges from 15% to 90%. S7,8 Note that these values are taken along the easy axis (in-plane) of the ferromagnetic layer, different from the situation in this experiment. However it is safe to assume that the out-of-plane TMR ratio has the same order of magnitude. Therefore, we may assume R ↓ = 1 kΩ and R ↑ = 0.5 kΩ. While this is a rough estimate, the value must be of the correct order of magnitude. Moreover, later analysis will show that it is the spin-flip resistance of silver that governs the magnitude of the effective resistance R ef f . To determine the spin-flip resistance of silver we use the previously derived Equation (S9) . For the device we discuss, the thickness of the silver layer d = 50 nm, the area of the junction A rel = 1 µm × 1 µm. For spin relaxation parameters of silver we take reported values: at room temperature λ sf −Ag ≈ 150 nm, and ρ Ag = 1/σ Ag ≈ 50 nΩ · m. S9 We then get for the spin-flip resistance in our model R sf −Ag = 45 mΩ. Substituting R sf −Ag , together with the assumed R ↑ , R ↓ values in Equation (3) of the main text gives an effective resistance
Note that R ef f is fully determined by the properties of the Ag-AlOx-Ni multilayer device, and estimating its value did not use any estimates or assumptions concerning PSI. For the scenario where the silver layer is replaced by a graphene layer, we apply a similar analysis, while using Equation (S10) instead of Equation (S9). For graphene, typical material parameters are a square resistance of the order of 1 kΩ, S10,11 and a spin relaxation length of λ sf ≈ 10 µm. S11,12 This gives R sf −2D ≈ 1 MΩ, and R ef f ≈ 0.5 kΩ for a device that is for other aspects identical to the device of Ref. 
ANALYSIS OF COMPATIBLE PSI EXCITATION AND RELAXATION TIMES
In the main text we derived the I s values without using any information about PSI. Here we analyze what the values mean in terms of photo-excitation and relaxation times of individual PSI units. We first assume that I s is fully induced by the spin-selective electron transfer during photo-excitation and relaxation cycles in PSI. Then we examine the validity of this assumption by deriving (from I s ) the values of photo-excitation and relaxation times of individual PSI units. In the following discussion a few more assumptions are made. We carefully assume scenarios which consistently lead to the lower boundary of the photo-excitation-relaxations times. In the main text we showed that even this lower boundary is still too high to be realistic. We write I s as a sum of the contributions from individual PSI units,
where i s is the spin current injected from each PSI unit into silver, the index n runs over all individual PSI units, and N is the number of PSI units within the relevant area (area of the junction) A rel . We assume that all PSI units are oriented in the same direction, so that each of them contribute equally to the total current I s . Therefore, we have i s,n ≡ i s , hence
where ρ is the number density, or coverage, of PSI. To estimate the coverage we need to take into consideration the size of PSI units. Isolated cyanobacterial PSI systems usually appear in trimers with typical diameters of around 30 nm. This means three PSI units reside in an area of about 700 nm 2 , or for convenience, approximately a coverage of ρ = 0.004 nm −2 . Note that this is the highest possible coverage for a monolayer of PSI, since it corresponds to the entire silver surface being covered with a uniform, densely-packed PSI layer. We assume this maximum coverage for the entire junction area. We further assume that the total injected spin current I s is equally contributed by all the PSI units. This gives us an estimate of the lower boundary of i s , the spin-current injection per PSI unit. For the up orientation of PSI, we have i s 750 pA. For the down orientation this lower limit is 150 pA.
Next, we analyze the magnitude of the charge current needed to produce this spin current via CISS effect. In our model each PSI unit injects a spin current i s into silver, which is a fraction of the total spin current i P SI inside PSI. We write i s = η · i P SI , with −1 η 1 being the fraction parameter. The value of η depends on the spin-relaxation process inside PSI. In order to obtain a lower estimate of i P SI , we assume η = 1 (all the photo-induced spin current in PSI can be injected to the silver layer), hence i P SI = i s . This spin current, i P SI , is again a fraction of the charge current i induced by the continuous electron transfer during photo-excitation and relaxation cycles in a PSI unit. The conversion from a charge current into a spin current is due to the CISS effect and its efficiency is characterized by its polarization P P SI = i P SI /i. The CISS polarization of other chiral systems is reported to be about 50%, S5,13,14 so here we adopt the same value. Taking the above into account, we can derive the lower boundary of the charge current driven by photo-excitation and relaxation processes in a PSI unit: i 1.5 nA for the up orientation, and 300 pA for the down orientation.
Finally, we translate this current into a value for the excitation-relaxation time τ . Here, τ can be understood as the turn-over time, or the time interval between two consecutive photo-excitation processes from the same PSI unit. By assuming the intensity of the illumination is strong enough to drive all the PSI units in continuous excitationrelaxation cycles (saturated), we can write i = −e/τ . A lower boundary of i corresponds to an upper boundary of τ . For the up orientation of PSI, i 1.5 nA corresponds to τ 100 ps. For the down orientation the limit is τ 500 ps.
POSSIBLE ORIGINS OF MAGNETIC-FIELD DEPENDENT SIGNALS IN HYBRID CISS DEVICES
There are other effects that can give rise to the magnetic-field-dependent signals in devices as used in Ref. S5 . One of these effects is the photo-response of silver. Any modification of the silver surface can change its work function. A work function as low as 1.8 eV was reported for modified silver surfaces. S15,16 It is therefore possible that the adsorbed PSI units and binder molecules modified the silver surface in a way that photoemission was allowed at the photon energies used in the experiment. This photoemission can be spin polarized due to the spin-orbit effect in silver and possible spin-dependent scattering at the surface. S17 Alternatively, the signals could also arise from a pure charge effect. Even without photoemission, a change of the silver work function can lead to a voltage signal in the Ni-AlO x -Ag capacitor. This voltage signal may be modified by illumination and magnetic field, because the change of silver work function originates from PSI, which is highly photo-sensitive and contains large iron clusters that may respond to magnetic field. In such a scenario (where spin transport is irrelevant), the orientation of PSI can only affect the magnitude but not the sign of the magnetic-field dependence. In fact, this is indeed the case if one considers the full signal reported in Figure 2 -B-(ii) of Ref.
S5 instead of only its absolute value. It differs from Figure 2 -A-(ii) only by a net offset and a reduced step size upon magnetic field reversal. The signs of the magnetic-field dependence were identical: In both figures the measured voltage had a negative shift (became less positive, or more negative) when the magnetic field changed from down to up direction. The net offset between the two figures can be explained by the opposite orientations of PSI (just as how the PSI orientation affected the silver surface potential measured with a
